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Abstract 
The studies on vehicle vibration to analyse dynamic behavior is one of most interesting topic of researchers in the 
field of vehicle dynamics. The main focus of this paper is to analyse the dynamic behavior of road truck at different 
road conditions. The road conditions are considered as on-road and off-road conditions. It has been noted that the 
designs of vehicle for on road and off road conditions are entirely different. On-road vehicle having a more 
clearance gap than off-road vehicle and size of tire is also large for off-road vehicle as compare to on-road vehicle. 
In this paper full car model is to be established to analyse the dynamic behavior. This model will be generated 
through the bond graph approach.  Bond graph is a convenient full tool to incorporate multi-energy system in to a 
single frame of energy. This paper also highlights some recent modelling aspects in vehicle dynamics and suggests 
further development. Further, an integrated computational model of heavy road vehicle is created using various 
control strategies through bond graph technique to analyse its dynamic behavior. The simulation of this model 
reveals some interesting phenomenon on various road input conditions. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
Traditionally, heavy vehicle dynamics requires a mathematical model of the vehicle structure (including cab, 
base frame, and suspension system) and the road excitation. The suspension system must support the vehicle and 
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provide directional control using handling maneuvers. It will provide effective isolation of passengers and load 
disturbance. Automotive companies are competing to make more developed trucks, whereas comfort of passengers 
is an important parameter and everyone expects from industries to improve it day by day.  
Computer-based design tools and process integration is of increasing importance in the development of heavy 
road vehicles.  There are different approaches to model a vehicle.1) Ignoring body flexibility by using a lumped 
mass model, 2) Modeling the frame as a regular free-free beam and calculating, estimating or measuring modal 
masses and stiffness’s, and 3) Modeling the entire vehicle using the finite element method by, Ibrahim [1], Goodarzi 
et al [2] ,Yi et al.[3], Cao [4]. The general condition for heavy vehicles and their development are determined by the 
actual environment in which they operate. Wei et al [5], Bandelet al [6], performed tire enveloping tests in 
traversing obstacles of different sizes, using the validated FE tire model. Further, these results compared with the 
experimental tests for the tire traversing obstacles with different heights.  
This work demonstrates the dynamic behavior of heavy road vehicle with varying the size of obstacles. 
Computational model of heavy road vehicle has been constructed through bond graph modelling technique, which 
analyse a dynamic behavior of heavy road vehicle. This technique was first time proposed by H. M Paynther[7] at 
MIT, which was further extended by Karnoop et al [8],Thoma [9]. This technique can be conveniently and 
efficiently used to compile different energy domain in a single energy frame [11]. Further, a computational heavy 
vehicle model with 11 degree of freedom is analyzed in this work. The simulation of this model will be performed 
on Symbol Sonata® software, which presents some interesting results. 
2. Heavy Vehicle Modeling 
2.1 Physical model 
 
 
 
 
 
 
 
 
 
Figure.1 physical system 
 
The physical model of the vehicle structure is shown in Fig.1. A heavy road vehicle is composed of components 
such as base frame, suspension system and cab. Each element of the vehicle structure acts as a rigid body. When 
dynamic system is connected to these components, one must interconnect rotating and translating inertial elements 
with axial and rotational spring and dampers and also appropriately account for the system structure. Tire dynamics 
is not considered in this model and road interaction has been shown through Hertizian contact stiffness. The vehicle 
is assumed to travel with various forward speed over a random road surface. 
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In this Fig.1, Centre of Gravity (C.G) is located ‘h’ height above the axle of the vehicle; front and rear suspension 
system is distance ‘a’ and ‘b’ simultaneously from C.G. The width of the vehicle is taken as ‘w’. It has 
accommodated only three modes; pitching, rolling, and linear vertical motion. 
2.2 Bond graph model 
The cab body is modelled as a rigid body with centre of mass located at distance ‘c’ and ‘d’ from the front and rear 
spring damper respectively. It is also located at a distance ‘w/2’ from the left and right spring damper system. The 
cab body is characterized by the centre of mass velocity and angular velocity, so I-element for the mass, Mcband 
moment of inertia, Jcbx and Jcby, are attached to the appropriate 1-junctions. The weight of the body is an effort 
source attached to the centre of mass velocity.  
Kinematic constraints are always having relationship among the flow variables. To add the flow according to the 
constraints, 0-junctions are used. The transformers are used to convert the angular velocity (ω) into velocity 
components ω×c and ω×d. 
C≡ 
Figure 2: Capsule representaion of bongraph model of cab 
In Fig. 2, the constraint of Eq. (1) is summed up using 0- junctions. 
 
(1,2) 2
w
V V ccb Gcb cbx cbyZ Z r u r u         (1) 
(3,4) 2
w
V V dcb Gcb cbx cbyZ Z r u r u        (2) 
 
Here, Vcb is vertical velocity at spring damper systems, which attached cab model to the base frame;  ߱௖௕௫ is 
rolling velocity of cab model;߱௖௕௬  is pitching velocity of cab model; ܸீ ௖௕  is velocity of vehicle at cab C.G. 
The Base frame (shown in Fig.3) is also modelled as a rigid body with centre of mass located at distance of ‘a’ 
and ‘b’ from the front and rear suspension systems. It is also located ‘w/2’ from the left and right suspension system. 
The base body is characterized by the centre of mass, velocity and angular velocity, so I-elements for the mass, 
Mbsand moments of inertia Jbsx and Jbsy are attached to the appropriate 1-junction. The weight of the body is an effort 
source attached to the centre of mass velocity. The constraint of Eq.(3-4) shows a motion of base frame and summed 
at 0-junction.  
 
(1,2) 2
w
V V cb Gcb bx byZ Z r u r u         (3) 
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(3,4) 2
w
V V db Gcb bx byZ Z r u r u         (4) 
 
Here, Vb is vertical velocity at suspension systems, which attached cab model to the base frame;  ߱௕௫ is rolling 
velocity of base model; ߱௖௕௬  is pitching velocity of base model; ܸீ ௖௕  is velocity of vehicle at the base C.G. 
However, the size of integrated model is very large, so the separate model of cab and base frame are constructed 
and shown through sub models ‘B’ and ‘C’ respectively. The bond graph model of road-truck is constructed by 
adding the sub models with suspension system, which is shown in Fig. 4. 
B≡ 
 
 
Figure. 3: Capsule representaion of bongraph model of Base frame 
 
3. Road inputs 
It has been known that size and shape of bump mainly effects on dynamics of vehicle. The effect of various size 
bumps on dynamics of vehicle is being observed in this work.  
The dynamic wheel loads generated by a moving vehicle are mainly due to various wheel/road imperfections. 
These imperfections are considered as the primary source of dynamic track input to the road vehicles. For 
simplicity, the shape of irregularity is assumed to be of same nature on left and right wheel. However different shape 
of irregularity may be attempted in near future. Velocity inputs at different wheels are evaluated by using Eq.  (3) to 
Eq. (6) by Mukherjee et al. [10]. 
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Figure. 4: Integrated bond graph model of vehicle system 
 
Figure.5 Bump type surface irregularities 
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The bump excitation of the rear wheels is, 
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Thus, three cases of different bump size are considered in the work as in Table 1. 
Table 1 
First condition Second condition Third condition 
H=0.1 H=0.15 H=0.2 
L=0.35 L=0.4 L=0.45 
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4. Simulation studies 
The bond graph model of the vehicle is simulated for 10sec to obtain different output responses. Total 1024 records 
are used in the simulation and simulation is kept error in the order of 5.0 x 10-4. Runge-Kutta method of fifth order is 
used in present work to solve the differential equations. The parameters which is used for simulation is shown in 
Table 2. The simulation of the model has run 1 sec before the bump, which may clearly show in the plots. 
Table 2. 
Simulation parameters 
a Distance between C.G to front wheel 1.17m 
b Distance between C.G to rear wheel 1.68m 
w Width of wheel 1.54m 
Jwr Polar moment of inertia about longitudinal axis 637.26 kg-m2 
Jwp Polar moment of inertia about lateral axis 2443.26 kg-m2 
Mb Mass of base frame 1513kg 
Mt Mass of tire 38.42kg 
Kt Stiffness of tire 150000N/m 
Ks Stiffness of suspension system 149000N/m 
Kabr Stiffness of anti-braking rod 1.5e+6N/m 
A1 Distance between front and rear wheel 2.8m 
Rs Damping resistance of suspension system 4750N-s/m2 
Jcb Polar moment of inertia of cab 800kg-m2 
Mcb Mass of cab 1500kg 
Katc Stiffness of attachment 4.87e+3N/m 
Ratc Damping resistance of attachment 5e+3N-s/m2 
h Clearance gap .55m 
 
Following output parameters are obtained in the simulation of the bond graph model of the complete truck model:  
a) Suspension deflection of front and rear wheel with same bump size at various speeds 
Deflection of suspensions of front and rear wheel are shown in Figs (6-9). First condition bump of Table.1, which 
includes shape type road irregularities, are considered for both front and rear wheels, therefore the deflection of 
suspension springs of front and rear suspension will not be same, which is also apparent from all the simulated 
curve.The deflections of right and left wheel are assumed to be same. 
In Figs (6-9), the simulation is carried out at 20km/hr, 40km/hr, 60 km/hr and 80 km/hr respectively. When 
wheels come to contact with bump, Front suspension moves upwards (takes positive) and rear suspension moves 
downward (takes negative), thus  plots of front wheel and rear wheel are reversed to each other. It is also apparent 
from the simulated plots, front wheel experienced more deflection as compare to rear wheel 
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Figure 6. Suspension deflection at 20km/hr Figure 7. Suspension deflection at 40km/hr 
 
Figure.8 Suspension deflection at 60km/hr Figure.9 Suspension deflection at 80km/hr 
b) Suspension deflection with different bump size at various speeds 
Deflections of suspensions of front at different bump size are shown in Figs 10-13, where defection for right and left 
wheels is approximately same. The simulation is carried out for the given three condition of bump size. 
For simulation, the front wheel deflection are considered, whereas rear wheel deflection are not considered 
in this cases. The simulation is performed for 20 km/hr, 40 km/hr, 60km/hr and 80 km/hr respectively. 
The deflection of suspension for 20 km/hr and 40km/hr are approximately same, whereas it is increased at 
60km/hrand 80 km/hr respectively. The effects of bump condition are clearly apparent from the plots. First bump 
condition are more optimized than the other two conditions. It may also be shown that the second bumpcondition 
produce more hump. 
  
Figure 10: Vertical displacements of front suspension at 20 km/hr Figure. 11:Vertical displacements of front suspension at 40 km/hr 
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Figure 12: Vertical displacements of front suspension at 60 km/hr Figure 13: Vertical displacements of front suspension at 80 km/hr 
 
c) Cab acceleration at various speeds 
  
Figure 14: Vertical accelerations of the cab for three condition of bump 
at C.G for vehicle velocity of 60 km/hr 
 
Figure 15: Maximum and Minimum value of vertical acceleration of t
cab at C.G for vehicle velocity of 60km/hr 
Cab vertical acceleration of heavy vehicle directly affects the comfort of driver. In the present study, simulation for 
cab is performed at 60 km/hr, which are shown in Figs.14-15. This simulation is carried out for vertical acceleration 
at C.G. 
Vertical accelerations of cab with a given three conditions are shown in Fig 14, which is simulated for 10 
sec. The maximum and minimum value of vertical acceleration are shown in Fig.15, where maximum acceleration 
are found at third condition, whereas the effects of third and second bump condition are approximately same. 
5. Conclusion 
 
The dynamic analysis of road truck has been created on variable type bump irregularities. The following conclusion 
have been made: 
1) The dynamic model of road truck of cab /base had been created through bond graph technique, whereas 
vertical dynamics carried out for road truck model. 
2) The model incorporates 11- degree of freedom for analysis.  
3) Velocity input in the form of bump irregularity at the both front and rear wheel has been evaluated in the 
model by considering three different shapes of bump irregularity. 
4) Vertical defection for first condition found comparatively less than other two conditions. In addition to that 
the cab acceleration for first condition is within the range. 
5) In future, other types of road input can also be used for simulation and to analyse the dynamic behaviour 
for heavy vehicle. Continuous bump type road irregularities may also be used for analysing a dynamic 
response of a heavy road vehicle.  
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